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Abstract—Amorphous indium-gallium-zinc oxide (a-InGaZnO 

or a-IGZO) has already started replacing amorphous silicon in 

backplane driver transistors for large-area displays. However, 

hardly any progress has been made to commercialize a-IGZO for 

electronic circuit applications mainly because a-IGZO transistors 

are not yet capable of operating at GHz frequencies. Here, 

nanoscale a-IGZO thin-film transistors (TFTs) are fabricated on 

a high-resistivity silicon substrate with a Ta2O5 gate dielectric. 

Carrier mobilities up to 18.2 cm2V-1s-1 have been achieved. By 

optimization of the TFT channel length and contact overlap, we 

are able to demonstrate current-gain and power-gain cut-off 

frequencies at 1.24 and 1.14 GHz, respectively, both beyond the 1 

GHz benchmark. Such a performance may have implications in 

developing at least medium-performance, a-IGZO-TFTs-based 

circuits for low-cost or flexible electronics. 

 
Index Terms—thin-film transistor, a-InGaZnO, high 

frequency, current gain 

 

I. INTRODUCTION 

HERE have been rapid developments in oxide 

semiconductors in the last decade [1], [2], [3]. One of the 

important aspects of most oxide semiconductors is that 

the electron mobility remains largely the same even when the 

semiconductor changes from crystalline to amorphous phase, 

because the isotropic s orbitals of metal atoms effectively 
overlap to form conduction band, in contrast to silicon. 

Polycrystalline silicon and single-crystal silicon can have high 

carrier mobilities from 50 to 1000 cm2V-1S-1. Cut-off 

frequencies beyond 2 GHz have been achieved in TFTs using 

mechanically transferred single crystalline silicon onto a 

polyethylene substrate [5], [6]. To the best of our knowledge, 

there has not been report on GHz TFTs based on amorphous 

silicon. This is because amorphous silicon has a carrier 

mobility greatly reduced from that of the crystalline silicon, 

typically only 1 cm2V-1S-1 or below. In contrast to amorphous 

silicon, amorphous indium-gallium-zinc-oxide (a-IGZO), has 

drawn much attention due to its high mobility (typically 10 to 

100 cm2/Vs), high transparency (> 80% in visible light region), 

mechanical flexibility, and high uniformity [7]. As such, 

a-IGZO has started replacing amorphous silicon in display 

backplane drivers. While most oxide semiconductors are n 

type,  recent advances in p-type oxide semiconductors, such as 
SnO [8], [9], [10], [11] CuxO [12], [13] and NiO [14], [15], 

already resulted in fully oxide-based complementary logic 

gates  [9], [16], [17] which are the fundamental building 

blocks towards large-scale integrated circuits (ICs). However, 

hardly any progress has been made in commercializing 

a-IGZO for ICs, largely due to the low operation frequencies 

of a-IGZO thin-film transistors (TFTs) to date. 

 Extensive efforts have been made in order to improve the 

speed of oxide-semiconductor-based TFTs  [18], [19], [20], 

[21], [22], [23]. Single crystalline ZnO/ZnMgO TFTs on 

GaAs substrates showed a current-gain cut-off frequency, fT, 

of 1.75 GHz and a maximum oscillation frequency, fmax, of 
2.45 GHz [24]. Nanocrystalline ZnO TFTs on high-resistivity 

silicon substrates have also demonstrated a high-frequency 

response (fT = 2.45 GHz, fmax = 7.45 GHz) [21]. High 

performance was also achieved by depositing c-axis aligned 

crystalline IGZO on heated substrate using a sophisticated 

nanoscale 3D gating structure [25]. However, single 

crystalline materials require complex and expensive 

deposition technique and hence are usually incompatible with 

low-cost, large-area manufacturing. Nanocrystalline materials 

can suffer from low-yield issues due to the uncontrollable 

grain boundaries. In contrast, a-IGZO can be deposited by 
industrial-compatible, radio-frequency (RF) sputtering 

technique, and its amorphous nature ensures high uniformity 

and hence high yield in high-density IC manufacturing.  

    So far, a-IGZO TFTs using self-alignment or quasi-vertical 

fabrication processes on flexible substrates showed 

current-gain cut-off frequencies around 100 MHz [20], [26], 

[27], [28]. In 2015, a-IGZO TFTs with a gate length of 1.5 µm 

demonstrated an improved current-gain cut-off frequency of 

384 MHz on glass substrates [18]. As frontend rectifiers, 

a-IGZO Schottky diodes on rigid and flexible substrates 

operating beyond a milestone value of 2.45 GHz have been 
reported [23], [29]. However, a-IGZO TFTs operating at GHz 

frequencies have not been demonstrated yet, making them 

unable to compete with ubiquitous silicon ICs that are 

typically clocked at a few GHz. In this work, by optimizing 

the topological structures and shot-channel effects, we 

demonstrate high-speed a-IGZO TFTs beyond the 1 GHz 

benchmark. The record fT and fmax of 1.24 GHz and 1.14 GHz 

show the potential of using a-IGZO TFTs in transparent ICs 
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and microwave electronics. 

II. EXPERIMENTAL PROCEDURE 

The devices were fabricated on high-resistivity (> 10 

kΩ·cm) Si wafers coated with 100-nm-thick thermally 

oxidized SiO2. Ti/Pd (20 nm/30 nm) gate electrodes were 

deposited using electron-beam evaporation. A 120-nm-thick 

Ta2O5 gate insulator was deposited by RF sputtering at room 

temperature (RT). The optimized deposition conditions for the 

Ta2O5 dielectric were as follows: the RF power, chamber 

pressure, Ar flow rate, and O2 flow rate were maintained at 90 

W, 1.73 mtorr, 6 sccm, and 3 sccm, respectively. A 

24-nm-thick a-IGZO film was immediately sputtered after 
Ta2O5 without breaking the vacuum at an Ar flow rate of 20 

sccm and RF power of 90 W. A 3" a-IGZO target was used 

with In2O3:Ga2O3: ZnO = 1:1:1 mol%. Ti/Pd (20 nm/30 nm) 

source and drain were formed using the electron-beam 

evaporator. Finally, a post-annealing was performed at 200 ºC 

in air for 30 min to improve the electronic properties of IGZO  

[30], [31]. The patterning of sputtered Ta2O5 and a-IGZO 

layers was achieved by electron-beam lithography and lift-off 

process, which is more controllable than etching technique and 

involves fewer chemicals to cause potential contaminations. 

III. RESULTS AND DISCUSSION 

Figures 1(a) and (b) show the schematic diagrams of the 

TFT structure used in this work. A two-finger bottom-gate 

configuration was adopted. A ground-signal-ground (GSG) 

layout compatible with co-planar microwave probes was used 

as the contact pads for high-frequency characterizations. TFTs 

with different gate lengths were fabricated at the same 

condition. The dimensions of the TFTs were determined using 

scanning electron microscope (SEM). In Fig. 1(c), the SEM 
image of the TFT shows a channel length (Lch) of 360 nm and 

an overlap length (Lov = Lov, GS + Lov, GD, the sum of the 

gate-to-source and gate-to-drain overlap lengths) of 150 nm. 

Each device had two-finger gates with a width of 50 µm 

resulting in a total gate width of 100 µm. There are in total 12 

devices with channel lengths of 360 nm, 750 nm, 1.2 μm, 5μm 

and overlap lengths of 150 nm, 10 μm, 20 μm in order to 

systematically study the effects of the dimensions. As the most 

important parameter that describes the high-frequency 

properties of TFTs, the current-gain cut-off frequency in the 

first approximation is given by  

𝑓" = $%
&'()

≈ +,--(/)01/23)
&'563(5637589)

,                        (1) 

where gm is the transconductance, VGS is the gate voltage, Vth 

is the threshold voltage, µeff is the effective mobility, and the 

gate capacitance, CG is the sum of the gate-to-source, 

gate-to-drain, and gate-to-channel capacitances [32]. The 

effective mobility is extracted from the device transfer 

characteristics, which are realistic reflection of the effective 

gate modulation ability of the TFTs after considering the 

influence of the contact resistance, RC. As described in Eq. 1, 
it may appear that if reducing Lch, a higher fT can be obtained. 

However, in short-channel devices, µeff becomes lower than 

the a-IGZO intrinsic mobility, µ0, due to the contact resistance 

becoming more and more dominant with decreasing Lch. It is 

critical to optimize Lov in order to improve the cut-off 

frequency. While increasing Lov reduces the contact resistance 

by gate-induced carriers at the contacts particularly in the 

linear transport region, which improves fT  [33], the parasitic 

overlap capacitance due to the overlap shall also have an 

adverse effect on fT  [26]. In this study, devices with various 

channel lengths (360 nm, 750 nm, 1.2 µm, and 5 µm) and 

overlap lengths (150 nm, 10 µm, and 20 µm) were fabricated.  
The output and transfer characteristics of the smallest 

device (Lch = 360 nm, Lov = 150 nm) are shown in Figs. 2(a) 

and (b), respectively. The effective mobility, threshold voltage, 

and on/off current ratio were found to be 1.18 cm2V-1s-1, 1.84 

V, and 4 × 104 for the smallest device, in comparison with 

18.2 cm2V-1s-1, 2.84 V, and 1.4 × 106 for the largest device 

with Lch = 5 µm and Lov = 10 µm. It is noted from the output 

characteristics in Fig. 2(a) that the device was not completely 

pinched off. This is due to the short-channel effect becoming 

more pronounced with decreasing channel length, which can 

be explained by the charge-sharing model and drain-induced 
barrier lowering [34], [35]. This effect is inevitable for 

short-channel thin-film- transistors. Nevertheless, the on/off 

ratio, 4×104, is still sufficient for most logic applications, 

which typically requires an on/off ratio higher than 1000 [36]. 

In our experiment, the short-channel effect was observed in 

devices with Lch < 1.2 µm.  

(a)

(b)

(c)

Fig. 1.  Schematic illustrations and SEM image of the IGZO TFTs. (a) 

Schematic of the three-dimensional perspective view of the device 

layout. (b) Schematic of the cross-sectional perspective view of the 

device. (c) Tilt-view SEM image of the smallest TFT with Lch = 360 nm 

and Lov = 150 nm. 

Fig. 2.  (a) Output characteristics and (b) transfer characteristics of the 

smallest TFT with Lch = 360 nm and Lov = 150 nm. 
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As shown in Fig. 3, the effective mobilities of the 

short-channel devices dropped sharply because the total 

resistance between source and drain is dominated by the 

contact resistance (RC) rather than the channel resistance (Rch). 

This is in contrast to long channel devices, where Rch is much 
higher than RC. As a result, in short-channel devices, the 

effective carrier mobility is determined by both Lch and Lov as 

shown in Fig. 3. Based on Eq. (1), therefore, the improvement 

of TFT speed is non-trivial since all three key parameters (µeff, 

Lch, and Lov) are interplayed due to the influence of 

short-channel effect and contact resistance. When Lov is larger 

than the transfer length, LT, which describes the distance that 

63% carriers flow from the semiconductor into the electrode 

[37], the contact resistance remains almost constant. However, 

when Lov < LT, the contact resistance becomes much larger, 

because it is determined not only by the overlap resistance 

region with a higher gate-induced carrier concentration [33], 
but also by a spreading resistance a-IGZO region which has a 

much lower intrinsic carrier concentration [32]. The contact 

resistances can be obtained in the linear region by 

parallel-mode capacitance-voltage method [38], but the drain 

contact resistance in the saturation region is expected to be 

much larger than the source contact resistance due to strong 

depletion. In Figure 4, when Lch = 360 nm, the contact 

resistance is larger than the channel resistance, indicating a 

strong short-channel effect. When Lch = 5 µm, the channel 

resistance remains almost the same but the contact resistance 

increases with decreasing Lov, which makes the short-channel 
effect more pronounced for the device with Lov of 150 nm. The 

smallest contact resistance is found to be 953 Ω, which is a 

typical Ti/IGZO contact resistance. Under this condition, the 

effective mobility can be expressed as: 

𝜇<== = +>
?7+>(8@	B(/)01/23)CDE/	563	

,                     (2) 

where Cox is the dielectric unit capacitance, and 𝐹HE 	is a 

function of Lov, describing the total contact resistance [26]. 

Considering the effective mobility as well as the parasitic 

capacitance caused by the overlap length, the current-gain 

cut-off frequency is given by [26]: 

𝑓" =
𝜇I𝐶KL	𝑊(𝑉OP −𝑉RS)

2𝜋(𝐶KL𝐿WS +𝐶KL𝐿KY) Z𝐿WS + 𝜇I𝐶KL	𝑊𝐹H[(𝑉OP − 𝑉RS)\
, (3) 

It shows that the cut-off frequency is affected by both 

parasitic-capacitance-dependent term, 𝐶KL𝐿KY , and 

contact-resistance-dependent term, 𝑔_I𝐹H[ 	. Thus, in order to 

improve the high frequency performance in short-channel 

devices, it is necessary to experimentally evaluate the 

influence of each factor.  

    The small-signal RF characterizations of the TFTs were 

measured from 0.01 to 1 GHz with an input power of -10 dBm 

by using a vector network analyzer connected to a 

two-channel source-measure unit through bias tees. Cut-off 
frequencies, including fT and fmax, can be extracted from the 

current gain, H21, maximum stable gain, MSG, maximum 

available gain, MAG, and unilateral power gain, U, which can 

all be calculated from S-parameters. The measured current 

gain, H21, describes the ratio of RF output current, Iout, to RF 

input current, Iin, which is a function of transconductance and 

operating frequency [39]. The current-gain cut-off frequency, 

fT, of a transistor is defined as the frequency at which the 

magnitude of H21 approaches unity [39]. The maximum 

frequency of oscillation is defined as the frequency at which 

the unilateral power gain equals unity.   Figure 5(a) shows the 
fT of the TFTs as a function of Lov with Lch of 0.75 µm and 1.2 

µm, respectively. It is found that the cut-off frequency 

increases with a decreasing Lov, indicating that for 

short-channel devices, parasitic capacitance caused by Lov 

Fig. 5 High-frequency properties of IGZO TFTs. (a) Current-gain cut-off 

frequency as a function of overlap length of the devices with channel 

lengths of 0.36 µm (black line), 0.75 µm (red line) and 1.2 µm (blue line), 

respectively. (b) Maximum available gain, maximum available gain, and 

unilateral power gain of the smallest TFT at VDS = VGS = 7 V. MAG exists 

when stability factor K > 1. (c) Small-signal current gain H21 as a function 

of frequency of the smallest TFT at different VDS and VGS. (d) Simulated fT 

compared with experimental results of the smallest TFT. 

Fig.4 Channel resistance and contact resistance as a function of overlap 

length with channel lengths of 360 nm and 5 µm at VGS
 = 5 V and 

VDS = 5 V, respectively. The results were obtained according to Ref.  [4] 

by assuming the intrinsic field-effect mobility of IGZO being 18.2 cm2 

V-1 s-1. 

Fig. 3.  Effective carrier mobility as a function of channel length for 

different gate-channel overlaps. 
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significantly influences the frequency response. Thus, in this 

work, the TFT with the shortest Lov of 150 nm and Lch of 360 

nm is expected to exhibit the highest operation frequency.  

Figures 5 (b) and (c) show the small-signal microwave 

characteristics of the smallest TFT. The current gain H21 
curves, at a slope of −20 dB/decade as expected [40], showed 

cut-off frequencies of 0.72 GHz, 0.97 GHz, and 1.24 GHz at 

VDS = VGS = 5 V, 6 V, and 7 V, respectively. In Fig. 5(c), MSG 

(stable factor K < 1) and MAG (K > 1) are also shown as a 

function of frequency. The maximum oscillation frequencies 

extracted from both MAG and U are the same, both at 1.14 

GHZ, as shown in Fig. 5(b). The good agreement between the 

fmax obtained from MAG and U suggests that the total 

measured capacitance is dominated by the device capacitance 

[41]. According to Eq. 1 and the measured effective mobilities 

shown in Fig. 4, the theoretical fT can be obtained. As shown 

in Fig. 5(d), the theoretical values are also in a good 
agreement with the experimental results. The slight 

differences may arise from the self-heating effect and/or the 

extra cable and probe resistance from the measurement setups. 

To further analysis the relationship between capacitance, 

channel length and overlap length. Capacitance extracted from 

s-parameter measurement using a vector network analyzer 

after calibration based on equations (4), (5) and (6).  

𝑆?? = 𝛤 = bc1b>
bc7b>

,		 	 	 	 	 	 	 	 	 	 	(4)	
	

𝑍f = 𝑍I ?1ghh?7ghh
,		 	 	 	 	 	 	 	 	 	 	 	(5)	

	
𝐶 = − ?

&'j∗lmn$(bc)
,		 	 	 	 	 	 	 	 	 	(6)	

Here 𝛤  is reflect factor, ZT is transfer impedance, Z0 is 

characteristic impedance, S is s-parameter and C is total gate 

capacitance. As shown in Fig. 6, the parasitic capacitance is 

found to mainly depend on overlap length.	

IV. CONCLUSION 

In summary, we have demonstrated a record speed beyond 1 

GHz of a-IGZO TFTs. Despite of the use of non-flexible, 

opaque silicon substrate, our demonstrated device 

performance could well be transferred to low-cost, flexible 

substrates such as polyimide. This work may also have useful 

implications to improvement of operation speed of other 

oxide- and organic-based TFTs. With the rapid development 

of p-type oxide semiconductors in the last few years, similarly 
fabricated GHz p-type TFTs may be integrated to realise 

high-performance, fully oxide-based complementary logic 

gates for a range of electronics applications. 

REFERENCES 

[1] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. 

Hosono, "Room-temperature fabrication of transparent flexible 

thin-film transistors using amorphous oxide semiconductors," 

Nature, vol. 432, pp. 488-92, Nov 25 2004, doi: 

10.1038/nature03090. 

[2] E. Fortunato, P. Barquinha, and R. Martins, "Oxide semiconductor 

thin-film transistors: a review of recent advances," Adv Mater, vol. 

24, pp. 2945-86, Jun 12 2012, doi: 10.1002/adma.201103228. 

[3] J.-S. Park, "Characteristics of short-channel amorphous 

In-Ga-Zn-O thin film transistors and their circuit performance as a 

load inverter," Journal of Electroceramics, vol. 28, pp. 74-79, 

2012, doi: 10.1007/s10832-011-9680-5. 

[4] W. Wang, L. Li, C. Y. Lu, Y. Liu, H. B. Lv, G. W. Xu, Z. Y. Ji, 

and M. Liu, "Analysis of the contact resistance in amorphous 

InGaZnO thin film transistors," Applied Physics Letters, vol. 107, 

p. 063504, Aug 10 2015, doi: Artn 06350410.1063/1.4928626. 

[5] H.-C. Yuan and Z. Ma, "Microwave thin-film transistors using Si 

nanomembranes on flexible polymer substrate," Applied Physics 

Letters, vol. 89, p. 212105, 2006, doi: 10.1063/1.2397038. 

[6] H.-C. Yuan, G. K. Celler, and Z. Ma, "7.8-GHz flexible thin-film 

transistors on a low-temperature plastic substrate," Journal of 

Applied Physics, vol. 102, p. 034501, 2007, doi: 

10.1063/1.2761782. 

[7] T. Kamiya, K. Nomura, and H. Hosono, "Present status of 

amorphous In–Ga–Zn–O thin-film transistors," Science and 

Technology of Advanced Materials, vol. 11, p. 044305, 2010, doi: 

10.1088/1468-6996/11/4/044305. 

[8] J. A. Caraveo-Frescas, P. K. Nayak, H. A. Al-Jawhari, D. B. 

Granato, U. Schwingenschlogl, and H. N. Alshareef, "Record 

mobility in transparent p-type tin monoxide films and devices by 

phase engineering," ACS Nano, vol. 7, pp. 5160-7, Jun 25 2013, 

doi: doi:10.1021/nn400852r. 

[9] Z. Wang, H. A. Al-Jawhari, P. K. Nayak, J. A. Caraveo-Frescas, 

N. Wei, M. N. Hedhili, and H. N. Alshareef, "Low temperature 

processed complementary metal oxide semiconductor (CMOS) 

device by oxidation effect from capping layer," Sci Rep, vol. 5, p. 

9617, Apr 20 2015, doi: 10.1038/srep09617. 

[10] P. K. Nayak, J. A. Caraveo-Frescas, Z. Wang, M. N. Hedhili, Q. X. 

Wang, and H. N. Alshareef, "Thin film complementary metal 

oxide semiconductor (CMOS) device using a single-step 

deposition of the channel layer," Sci Rep, vol. 4, p. 4672, Apr 14 

2014, doi: 10.1038/srep04672. 

[11] K. Nomura, T. Kamiya, and H. Hosono, "Ambipolar oxide 

thin-film transistor," Adv Mater, vol. 23, pp. 3431-4, Aug 09 2011, 

doi: 10.1002/adma.201101410. 

[12] A. Chen, H. Long, X. Li, Y. Li, G. Yang, and P. Lu, "Controlled 

growth and characteristics of single-phase Cu2O and CuO films by 

pulsed laser deposition," Vacuum, vol. 83, pp. 927-930, 2009, doi: 

10.1016/j.vacuum.2008.10.003. 

[13] G. Yang, A. Chen, M. Fu, H. Long, and P. Lu, "Excimer laser 

deposited CuO and Cu2O films with third-order optical 

nonlinearities by femtosecond z-scan measurement," Applied 

Physics A, vol. 104, pp. 171-175, 2010, doi: 

10.1007/s00339-010-6092-3. 

[14] H. Shimotani, H. Suzuki, K. Ueno, M. Kawasaki, and Y. Iwasa, 

"p-type field-effect transistor of NiO with electric double-layer 

gating," Applied Physics Letters, vol. 92, p. 242107, 2008, doi: 

10.1063/1.2939006. 

[15] N. Münzenrieder, C. Zysset, L. Petti, T. Kinkeldei, G. A. 

Salvatore, and G. Tröster, "Room temperature fabricated flexible 

NiO/IGZO pn diode under mechanical strain," Solid-State 

Fig.6 Capacitance as a function of device dimensions extracted 
from s-parameter measurements. 



  

 

5 

Electronics, vol. 87, pp. 17-20, 2013, doi: 

10.1016/j.sse.2013.04.030. 

[16] R. F. P. Martins, A. Ahnood, N. Correia, L. M. N. P. Pereira, R. 

Barros, P. M. C. B. Barquinha, R. Costa, I. M. M. Ferreira, A. 

Nathan, and E. E. M. C. Fortunato, "Recyclable, Flexible, 

Low-Power Oxide Electronics," Advanced Functional Materials, 

vol. 23, pp. 2153-2161, 2013, doi: 10.1002/adfm.201202907. 

[17] I. C. Chiu, L. Yun-Shiuan, T. Min-Sheng, and I. C. Cheng, 

"Complementary Oxide&#x2013;Semiconductor-Based Circuits 

With n-Channel ZnO and p-Channel SnO Thin-Film Transistors," 

IEEE Electron Device Letters, vol. 35, pp. 1263-1265, 2014, doi: 

10.1109/led.2014.2364578. 

[18] L.-Y. Su and J. Huang, "Demonstration of radio-frequency 

response of amorphous IGZO thin film transistors on the glass 

substrate," Solid-State Electronics, vol. 104, pp. 122-125, 2015, 

doi: 10.1016/j.sse.2014.10.007. 

[19] H.-H. Hu and K.-M. Wang, "Effects of Channel Width on 

High-Frequency Characteristics of Trigate Poly-Si Thin-Film 

Transistors Fabricated by Microwave Annealing," IEEE 

Transactions on Electron Devices, vol. 62, pp. 2883-2887, 2015, 

doi: 10.1109/ted.2015.2456235. 

[20] N. Munzenrieder, L. Petti, C. Zysset, T. Kinkeldei, G. A. 

Salvatore, and G. Troster, "Flexible Self-Aligned Amorphous 

InGaZnO Thin-Film Transistors With Submicrometer Channel 

Length and a Transit Frequency of 135 MHz," Ieee Transactions 

on Electron Devices, vol. 60, pp. 2815-2820, Sep 2013, doi: 

10.1109/Ted.2013.2274575. 

[21] B. Bayraktaroglu, K. Leedy, and R. Neidhard, "High-Frequency 

ZnO Thin-Film Transistors on Si Substrates," IEEE Electron 

Device Letters, vol. 30, pp. 946-948, 2009, doi: 

10.1109/led.2009.2025672. 

[22] B. Kim, H. N. Cho, W. S. Choi, S.-H. Kuk, Y. H. Jang, J.-S. Yoo, 

S. Y. Yoon, M. Jun, Y.-K. Hwang, and M.-K. Han, "Highly 

Reliable Depletion-Mode a-IGZO TFT Gate Driver Circuits for 

High-Frequency Display Applications Under Light Illumination," 

IEEE Electron Device Letters, vol. 33, pp. 528-530, 2012, doi: 

10.1109/led.2011.2181969. 

[23] J. Zhang, H. Wang, J. Wilson, X. Ma, J. Jin, and A. Song, "Room 

Temperature Processed Ultrahigh-Frequency Indium-Gallium–

Zinc-Oxide Schottky Diode," IEEE Electron Device Letters, vol. 

37, pp. 389-392, 2016, doi: 10.1109/led.2016.2535904. 

[24] S. Sasa, T. Maitani, Y. Furuya, T. Amano, K. Koike, M. Yano, and 

M. Inoue, "Microwave performance of ZnO/ZnMgO 

heterostructure field effect transistors," physica status solidi (a), 

vol. 208, pp. 449-452, 2011, doi: 10.1002/pssa.201000509. 

[25] D. Matsubayashi, Y. Asami, Y. Okazaki, M. Kurata, S. Sasagawa, 

S. Okamoto, Y. Iikubo, T. Sato, Y. Yakubo, R. Honda, M. 

Tsubuku, M. Fujita, T. Takeuchi, Y. Yamamoto, and S. Yamazaki, 

"20-nm-Node trench-gate-self-aligned crystalline In-Ga-Zn-Oxide 

FET with high frequency and low off-state current," pp. 

6.5.1-6.5.4, 2015, doi: 10.1109/iedm.2015.7409641. 

[26] N. Münzenrieder, G. A. Salvatore, L. Petti, C. Zysset, L. Büthe, C. 

Vogt, G. Cantarella, and G. Tröster, "Contact resistance and 

overlapping capacitance in flexible sub-micron long oxide 

thin-film transistors for above 100 MHz operation," Applied 

Physics Letters, vol. 105, p. 263504, 2014, doi: 

10.1063/1.4905015. 

[27] N. Munzenrieder, P. Voser, L. Petti, C. Zysset, L. Buthe, C. Vogt, 

G. A. Salvatore, and G. Troster, "Flexible Self-Aligned 

Double-Gate IGZO TFT," Ieee Electron Device Letters, vol. 35, 

pp. 69-71, Jan 2014, doi: 10.1109/Led.2013.2286319. 

[28] N. Munzenrieder, L. Petti, C. Zysset, G. A. Salvatore, T. 

Kinkeldei, C. Perumal, C. Carta, F. Ellinger, and G. Troster, 

"Flexible a-IGZO TFT amplifier fabricated on a free standing 

polyimide foil operating at 1.2 MHz while bent to a radius of 5 

mm," pp. 5.2.1-5.2.4, 2012, doi: 10.1109/iedm.2012.6478982. 

[29] J. Zhang, Y. Li, B. Zhang, H. Wang, Q. Xin, and A. Song, 

"Flexible indium-gallium-zinc-oxide Schottky diode operating 

beyond 2.45 GHz," Nat Commun, vol. 6, p. 7561, 2015, doi: 

10.1038/ncomms8561. 

[30] K. Nomura, A. Takagi, T. Kamiya, H. Ohta, M. Hirano, and H. 

Hosono, "Amorphous Oxide Semiconductors for 

High-Performance Flexible Thin-Film Transistors," Japanese 

Journal of Applied Physics, vol. 45, pp. 4303-4308, 2006, doi: 

10.1143/jjap.45.4303. 

[31] S. Hwang, J. H. Lee, C. H. Woo, J. Y. Lee, and H. K. Cho, "Effect 

of annealing temperature on the electrical performances of 

solution-processed InGaZnO thin film transistors," Thin Solid 

Films, vol. 519, pp. 5146-5149, 2011, doi: 

10.1016/j.tsf.2011.01.074. 

[32] F. Ante, D. Kalblein, T. Zaki, U. Zschieschang, K. Takimiya, M. 

Ikeda, T. Sekitani, T. Someya, J. N. Burghartz, K. Kern, and H. 

Klauk, "Contact resistance and megahertz operation of 

aggressively scaled organic transistors," Small, vol. 8, pp. 73-9, Jan 

9 2012, doi: 10.1002/smll.201101677. 

[33] J. Park, C. Kim, S. Kim, I. Song, S. Kim, D. Kang, H. Lim, H. Yin, 

R. Jung, E. Lee, J. Lee, K.-W. Kwon, and Y. Park, "Source/Drain 

Series-Resistance Effects in Amorphous Gallium&#x2013;Indium 

Zinc-Oxide Thin Film Transistors," IEEE Electron Device Letters, 

vol. 29, pp. 879-881, 2008, doi: 10.1109/led.2008.2000815. 

[34] F. Torricelli, E. C. P. Smits, J. R. Meijboom, A. K. Tripathi, G. H. 

Gelinck, L. Colalongo, Z. M. Kovacs-Vajna, D. M. de Leeuw, and 

E. Cantatore, "Transport Physics and Device Modeling of Zinc 

Oxide Thin-Film Transistors&#x2014;Part II: Contact Resistance 

in Short Channel Devices," IEEE Transactions on Electron 

Devices, vol. 58, pp. 3025-3033, 2011, doi: 

10.1109/ted.2011.2159929. 

[35] A. Valletta, G. Fortunato, L. Mariucci, P. Barquinha, R. Martins, 

and E. Fortunato, "Contact Effects in Amorphous InGaZnO Thin 

Film Transistors," Journal of Display Technology, vol. 10, pp. 

956-961, 2014, doi: 10.1109/jdt.2014.2328376. 

[36] K. Kim, J. Y. Choi, T. Kim, S. H. Cho, and H. J. Chung, "A role 

for graphene in silicon-based semiconductor devices," Nature, vol. 

479, pp. 338-44, Nov 16 2011, doi: 10.1038/nature10680. 

[37] T. Zaki, R. Rodel, F. Letzkus, H. Richter, U. Zschieschang, H. 

Klauk, and J. N. Burghartz, "S-Parameter Characterization of 

Submicrometer Low-Voltage Organic Thin-Film Transistors," 

IEEE Electron Device Letters, vol. 34, pp. 520-522, 2013, doi: 

10.1109/led.2013.2246759. 

[38] I. Hur, H. Bae, W. Kim, J. Kim, H. K. Jeong, C. Jo, S. Jun, J. Lee, 

Y. H. Kim, D. H. Kim, and D. M. Kim, "Characterization of 

Intrinsic Field-Effect Mobility in TFTs by De-Embedding the 

Effect of Parasitic Source and Drain Resistances," IEEE Electron 

Device Letters, vol. 34, pp. 250-252, 2013, doi: 

10.1109/led.2012.2226424. 

[39] Y. Wu, Y. M. Lin, A. A. Bol, K. A. Jenkins, F. Xia, D. B. Farmer, 

Y. Zhu, and P. Avouris, "High-frequency, scaled graphene 

transistors on diamond-like carbon," Nature, vol. 472, pp. 74-8, 

Apr 7 2011, doi: 10.1038/nature09979. 

[40] A. Le Louarn, F. Kapche, J. M. Bethoux, H. Happy, G. Dambrine, 

V. Derycke, P. Chenevier, N. Izard, M. F. Goffman, and J. P. 

Bourgoin, "Intrinsic current gain cutoff frequency of 30GHz with 

carbon nanotube transistors," Applied Physics Letters, vol. 90, p. 

233108, 2007, doi: 10.1063/1.2743402. 

[41] J. D. C. G. Niu, Silicon-germanium Heterojunction Bipolar 

Transistors: Artech House, 2003. 

 
 

Yiming Wang was born in Jinan, 

Shandong province, in 1980. He received 

the B.S. degree in Physics and 

Microelectronics from Shandong 

University in China in 2002, M.S. degree 

in Physics from Shandong University in 
2009. He is working toward the Ph.D. 

degree in microelectronics and solid state 

electronics from Shandong University, 

Jinan. His research focuses on metal oxide semiconductor, 

two-dimensional materials and devices, high frequency 

devices. 

 

Hanbin Wang received the B.S. and 

M.S. and Ph.D. in School of 

Microelectronics, Shandong University, 

Jinan, China, in 2010, 2013 and 2017, 



  

 

6 

respectively. He is now working in the Micro-Nano 

Technology Lab, Microsystem & Terahertz Research Center 

in Chengdu, China. His research interests include Terahertz 

nanoelectronics and Micro-nano technology on compound 

semiconductor. 
 

Third J. Zhang received the B.S. degree in physics from 

Shanghai Jiaotong University, Shanghai, China, in 2010, the 

M.S. degree in photon science, and the Ph.D. degree in 

electronics from the University of Manchester, Manchester, 

UK, in 2012 and 2016 respectively.  

Since 2016, he has been a Research Assistant with the 

School of Electrical and Electronic Engineering, the 

University of Manchester. His research interest includes the 

oxide semiconductors, thin-film transistors, high-frequency 

electronics and 2D materials. 

 

 Li He received the B.S. degree in 

microelectronics from Shandong 

University, Jinan, Shandong, in 2013 and 

the M.S. degree in microelectronics and 

solid-state electronics from Shandong 
University, Jinan, Shandong, in 2016. 

    From 2013 to 2016, he studied at Center 

of Nanoelectronics, Shandong University, 

Jinan, Shandong, China. His research 

interest includes devices based on III-V and amorphous metal 

oxide semiconductor, and fabrication of micro- or 

nanostructured semiconductor devices.  

 

Gengchang Zhu is currently studying for 

the Ph.D degree in microelectronics and 

solid state electronics at Shandong 

University, Jinan, China. His research 

interests include fabrication and 

applications of GaN HEMTs. 

 

 

 

 

Yuxiang Li received the B.S. and M.S. 

degrees in polymer chemistry in 1988 and 

1991, respectively, and the Ph.D. degree  in 

material physics and chemistry in 2007 

from Shandong University (SDU), Jinan, 

Shandong, China. 

She is currently a Professor with the 

School of Microelectronics at SDU. In 1991, she joined the 

Institute of Optoelectronic Materials & Devices, SDU, and has 

been an Assistant Professor in 1994 and Associate Professor in 

1997, respectively, working in the new-type cleaning 

techniques of electronic industry. Since 2008, she has been a 

Professor with the School of Physics, where she studied new 

non-volatile memory devices. She authored and coauthored 

technical papers, and holds five patents. 

Prof. Li is an Associate Editor of the 

journal European Physical Journal – 

Applied Physics. 
 

Qingpu Wang: Date of birth: September, 1963; he received 

B.S. degree and M.S. degree both in Physics from Shandong 

University (SDU), Jinan, China, in 1987 and 1998, 

respectively; and the Ph.D. degree in Condensed Matter 

Physics from Shandong University (SDU), Jinan, China, in 
2003.  

Since July 1987, he has been with the 

Department of Physics of SDU. From 

January 2013 to May 2016, he was 

working in School of Information Science 

& Engineering Shandong University. 

From   May to today 2016, he was 

working in School of Microelectronics 

Shandong University, and works as Vice 

Dean. From March to May, 2006, he was 

a Senior Visiting Scholar in the Department of Electronic 

Engineering, University of Manchester in UK. .  
Prof. Wang is the author or co-author of more than 50 journal 

and conference papers. He is a member of Chinese Physical 

Society and Shandong Physical Society; He is the reader of 

Journal of Semiconductor, Chinese Physics Letter, and Journal 

of Chinese Physics B etc. His current research interests 

include semiconductor material and device etc. 

 

 Qian Xin was born in Shandong Province, 

China in 1982. She received B.S. and Ph.D. 

degrees in Material Science at Shandong 

University, China, in 2003 and 2008, 
respectively. From 2009 to 2012, she was a 

Postdoc in surface and Interface science at 

Chiba University, Japan. Since 2012, she 

has been an associate professor in the 

School of Microelectronics, Shandong 

University. Her research interests include metal oxide 

semiconductors, flexible electronics and displays, and surface 

and interface electronic structure studies by photoemission 

spectroscopy.  

 

Aimin Song (M’02-SM’07) received the 

Ph.D. degree from the Chinese Academy of 
Sciences in 1995.  

After three years of fellowships at the 

University of Glasgow and the University of 

Munich by the Royal Society and Alexander 

von Humboldt Foundation, he was with the 

Nanometre Consortium, Lund University, as 

a Guest Lecturer before moving to Manchester as a Lecturer in 

2002. He became a Professor of nanoelectronics in 2006. His 

research is focused on novel nanoelectronic devices and 

thin-film electronics. Dr. Song’s work has led to awards 

including “Researcher of the Year” Distinguished 
Achievement Medal of the University of Manchester, Royal 

Society Brian Mercer Feasibility Award, and a number of best 

conference paper awards. The potential of practical 

applications of the nanodevices for printable electronics and 

energy harvesting have motivated a number of 

commercialization activities including 15 patents/patent 

applications and a spin-out company. 
 


